Abstract The question which bacterial species are present in water and if they are viable is essential for drinking water safety but also of general relevance in aquatic ecology. To approach this question we combined propidium iodide/ SYTO9 staining ("live/dead staining" indicating membrane integrity), fluorescence-activated cell sorting (FACS) and community fingerprinting for the analysis of a set of tap water samples. Live/dead staining revealed that about half of the bacteria in the tap water had intact membranes. Molecular analysis using 16S rRNA and 16S rRNA genebased single-strand conformation polymorphism (SSCP) fingerprints and sequencing of drinking water bacteria before and after FACS sorting revealed: (1) the DNA-and RNA-based overall community structure differed substantially, (2) the community retrieved from RNA and DNA reflected different bacterial species, classified as 53 phylotypes (with only two common phylotypes), (3) the percentage of phylotpes with intact membranes or damaged cells were comparable for RNA-and DNA-based analyses, and (4) the retrieved species were primarily of aquatic origin. The pronounced difference between phylotypes obtained from DNA extracts (dominated by Betaproteobacteria, Bacteroidetes, and Actinobacteria) and from RNA extracts (dominated by Alpha-, Beta-, Gammaproteobacteria, Bacteroidetes, and Cyanobacteria) demonstrate the relevance of concomitant RNA and DNA analyses for drinking water studies. Unexpected was that a comparable fraction (about 21%) of phylotypes with membrane-injured cells was observed for DNA-and RNA-based analyses, contradicting the current understanding that RNA-based analyses represent the actively growing fraction of the bacterial community. Overall, we think that this combined approach provides an interesting tool for a concomitant phylogenetic and viability analysis of bacterial species of drinking water.
Introduction
Drinking water commonly provides a diverse microflora to the end user despite the fact that water processing eliminates a large fraction of microorganisms present in raw water, as shown by detailed molecular studies [14, 34] . Bacteria originating from source water, regrowth in bulk water and biofilms of the distribution network which contribute to the generation of a diverse bacterial community in drinking water [17] .
Molecular methods, such as 16S rRNA-based and 16S rRNA gene-based fingerprints, can provide an overview on the bacterial community and thus can overcome the restriction of cultivation-based methods that detect only the few bacteria growing under the respective cultivation conditions [9] . These molecular methods allow overcoming the problem of non-culturability for viable-but-non-culturable bacteria, i.e., even under adequate cultivation conditions, these bacteria do not grow due to physiological constraints [21] . However, molecular methods based on extracted nucleic acids cannot distinguish between live and dead bacteria [6, 31] . During the last years, a broad set of fluorescent stains was developed allowing insight into the physiological state of bacteria [22] . Stains assessing membrane integrity, such as propidium iodide (PI) and SYTO9, are considered to distinguish between membrane-intact and membrane-injured cells [7] . This staining procedure has been evaluated and compared by a set of studies to other staining procedures for assessment of the physiological state of the bacteria [4, 11, 22] . Membrane injury was evaluated as a reliable criterion for cell death where recovery is highly unlikely.
Bacterial community fingerprints and subsequent sequencing of the single fingerprint bands followed by phylogenetic analysis can provide an overview on the structure and composition of bacterial drinking water communities [14] . Besides providing an overview, fingerprints allow the study of any bacterial taxon in a community if specific primers are used to better understand its ecology [19] that is of special relevance for pathogenic taxa. 16S rRNA-based fingerprint analyses can be based on the analysis of environmental DNA or RNA. In general, it is assumed that RNA-based fingerprints represent the active part, especially the actively growing part, of the bacterial community whereas DNA-based analyses provide insight into the bacterial members present in the community [14, 29] . Since viability is a major issue for drinking water bacteria, the comparison of DNA-and RNA-based analyses is of great interest. Combining these DNA-and RNA-based fingerprint analyses with the distinction for membrane integrity was intended to provide new insights in the bacterial microflora and its viability.
Today's drinking water quality assessment is still based on the culture-based detection of indicator bacteria, i.e., Escherichia coli or fecal enterococci. Though molecular methods could provide better insights into the bacterial community, it is crucial to include the aspect of viability in the molecular methods used. To this end, we developed a procedure that combined the advantages of cultureindependent molecular methods and the discrimination of membrane-intact and membrane-injured cells provided by the viability stains. Using FACS, the membrane-intact ("live") and membrane-injured cells ("dead") were separated and afterwards analyzed by community fingerprinting. The aim of our study was to elucidate by this approach which bacterial taxa are alive in finished drinking water. Both nucleic acids, DNA and RNA, were extracted from three fractions, i.e., total, "live", and "dead", and analyzed by 16S rRNA-based and 16S rRNA gene-based SSCP fingerprinting followed by sequencing of the fingerprint bands to provide insight into the taxonomic composition of the bacterial community. The study was encouraged by a previous analysis of the RNA-based bacterial community structure of drinking water that showed the proof of principle of the technical approach [24] . This previous study indicated the need of a direct comparison of DNA and RNA community structure and a detailed phylogenetic analysis that are now provided. In the present study, differences between DNAand RNA-based fingerprints were analyzed to gain information about the active vs. present part of the bacterial drinking water microflora in the light of membrane integrity. To our knowledge, this is the first study that applies both, DNA-and RNA-based community analysis up to the species level combined with FACS sorting based on live/dead staining. This allowed a comparison of present, "live" and "dead" bacterial species for RNA and DNA extracts.
Material and Methods

Study Site and Sampling
Drinking water samples were obtained on 3 days, i.e., Sampling A and B were taken as samples where a high similarity was expected due to the short time interval, sampling C was considered to display a distinct community due to the previously observed seasonal changes [19] . The drinking water originated from two surface water reservoirs (oligotrophic and dystrophic water) situated in a mountain range 40 km south of Braunschweig. Water processing included flocculation/coagulation, sand filtration, and chlorination (0.2-0.7 mg l −1 ). In 2008 and 2009 no chlorine was detected at the sampling point at the HZI by using the colorimetric test "Aquaquant Chlor" from Merck for detection of free and total chlorine (detection limit 0.01 mg/l). More details on the respective drinking water supply system are given elsewhere [14] . For live/dead staining and FACS, drinking water microorganisms were concentrated 100-400-fold. Eighteen liters of drinking water were filtered onto a 0.2-μm pore size polycarbonate filter (90 mm diameter; Nucleopore; Whatman, Maidstone, United Kingdom), scraped, and washed off from the filter carefully with 25 ml of 0.9% NaCl in sterile water (Fig. 1) . A part of the biomass was either immediately used for the staining procedure as indicated below, and an aliquot was immediately frozen for later molecular analysis (−70°C).
For comparing the impact of concentration on the drinking water microflora, the drinking water microorgan-isms were additionally harvested by our routine procedure, i.e., filtration of 5 l of drinking water on a filter sandwich consisting of a 0.2-μm pore size polycarbonate filter (90 mm diameter; Nucleopore; Whatman) with a precombusted glass fiber filter on top (90 mm diameter; GF/F; Whatman) [13] . Filter sandwiches were stored at −70°C until further analysis. Per sampling date, five sandwich filters were obtained.
Staining and Enumeration of Drinking Water Bacteria
Total bacteria from formaldehyde-fixed samples (2% final concentration) were stained with Sybr Green I dye (1:10,000 final dilution; Molecular Probes, Invitrogen) for 15 min at room temperature in the dark. Five-milliliter portions were filtered onto 0.2-μm pore size Anodisc filters (Whatman) and mounted with Citifluor on microscopic glass slides [35] . Slides were either analyzed directly with epifluorescence microscopy or stored frozen (−20°C) until examination. For epifluorescence microscopy, a microscope (Axioplan, Zeiss) with suitable fluorescence filters was used and the slides were examined using 100-fold magnification. For each filter, either ten photographs were taken and image sections of defined size (0.642×0.483 mm) were analyzed using the Image J software from MacBiophotonics (http://www.macbiophotonics.ca/) or 30 fields (0.125× 0.125 mm) were counted by eye. Figure 1 Flow chart of the combined analysis of drinking water samples using FACS and SSCP fingerprinting. Eighteen liters of drinking water were filtered onto a 0.2-μm Nucleopore filter, scraped, and washed off the filter with 0.9% saline solution. The drinking water bacteria were stained with the BACLight Kit™ for 20 min in the dark. After cell sorting, the differently stained fractions were analyzed by molecular methods (dashed lines), i.e., nucleic acids (DNA and RNA) were extracted and subjected to SSCP analysis. Sequence information was gained by reamplification and sequencing of single bands. This overall procedure is termed as "FACS sorting experiment", and was performed for every sample analysis ("sorting A-C") using the water of sampling dates A-C, respectively 2001) Geändert durch Art. 363 V v. 31.10.2006 I 2407, 2001 ).
Concentrating, Live/Dead Staining and FACS Analysis of Drinking Water Bacteria
For FACS, the concentrated biomass of the drinking water samples was stained for subsequent FACS analysis with SYTO 9 and propidium iodide (PI) (final concentrations 5 and 30 μM, respectively; BacLight Kit, Molecular Probes [18] ) according to the prescription of the manufacturer. After an incubation time of 20 min in the dark, cells were subjected to FACS sorting using a MOFLO cytometer (Beckman Coulter, Krefeld, Germany) with a 488-nm laser. The band pass filters used were 530/40 and 616/26 nm for SYTO 9 and PI, respectively.
Nucleic Acid Extraction from Drinking Water and Sorted Fractions
DNA and RNA were extracted from the filter sandwiches and the concentrates of the drinking water samples; the latter were analyzed before and after staining and FACS sorting as described above. For extraction of DNA and RNA, a modified DNeasy/RNeasy protocol (Qiagen, Hilden, Germany) was used. In this procedure, sandwich filters were cut into pieces, incubated with lysis buffer containing 10 mg/ml lysozym (Sigma) for 30 min (DNA) or 20 min (RNA) in a 37°C water bath. After a mechanical homogenization by shaking with glass beads, the samples were heated to 70°C in a water bath for 20 min (DNA) or 15 min (RNA). After filtration through a polyamide mesh with 250-μm pore size, absolute ethanol was added to the filtrate (ratio filtrate/ethanol 2:1) and the mixture was applied to the adequate spin-column of the kit. After this step, the protocol was applied according to the manufacturer's instructions. For the RNA, a subsequent on-column DNase digestion was applied. Nucleic acids were eluted from the columns with DNase/RNase free water and stored at −20°C. The nucleic acids were quantified using Ribogreen (RNA or ssDNA quantification, Molecular Probes; Invitrogen) or Picogreen (dsDNA quantification, Molecular Probes; Invitrogen) according to [36] .
For extraction of the nucleic acids from the concentrated or the sorted fractions of microorganisms (considered as dead or alive), 1-2-ml portions of the concentrates before and after sorting were harvested by centrifugation for 15 min at 15,000×g. The pellets were either frozen or directly used for nucleic acid extraction using the DNeasy/ RNeasy protocol (Qiagen). Pellet supernatant was checked by epifluorescence microscopy for microorganisms; in no case cells were observed. DNase digestion for the RNA was applied as described above.
16S rRNA and 16S rRNA-Gene Based Community Fingerprints PCR amplification of 16S rRNA and of its respective genes from the extracted nucleic acids were performed using the previously described primers COM1 (5′-CAGCAGCCGCGGTAATAC-3′) and COM2 (5′-CCGTCAATTCCTTTGAGTTT-3′), amplifying positions 519 to 926 of the E. coli numbering of the 16S rRNA gene [33] . For single-strand separation, a 5′-biotin-labeled forward primer was used according to [14] . From RNA, a reverse transcription was carried out before PCR using the First Strand cDNA synthesis Kit (Fermentas) following the manufacturer's recommendations. Each amplification was carried out using 2 ng DNA/cDNA template in a final volume of 50 μl, starting with an initial denaturation for 15 min at 95°C. A total of 30 cycles (30s at 95°C, 30s at 55°C, and 1 min at 72°C) was followed by a final elongation for 10 min at 72°C. Amplification was achieved using HotStarTaq DNA polymerase (Qiagen).
For the preparation of ssDNA and community fingerprints, a variant of the protocol described by Eichler et al. [14] was applied. Briefly, magnetic streptavidin-coated beads (Promega, Madison, WI, USA) were applied to obtain ssDNA from the PCR amplicons. Quantification of the obtained ssDNA was performed on a 1.5% agarose gel by comparison with a low-molecular-weight marker (Invitrogen low-DNA-mass ladder). For SSCP fingerprinting analysis, 25 ng of the obtained ssDNA was mixed with gel loading buffer (95% formamide, 10 mM NaOH, 0.25% bromphenol blue, 0.25% xylene cyanol) in a final volume of 7 μl. After incubation for 3 min at 95°C, the ssDNA samples were stored on ice, loaded onto a nondenaturing polyacrylamide-like gel (0.6× MDE gel solution; Cambrex BioScience, Rockland, ME) and electrophoretically separated at 20°C at 400 V for 18 h on a Macrophor sequencing apparatus (Pharmacia Biotech, Germany). The gel was silver stained according to the method described by [2] . Dried SSCP gels were digitized using an Epson Expression 1600 Pro scanner, bands with an intensity of >0.1% of the total lane were considered for further statistical analysis. Similarity coefficients were calculated using Pearson correlation algorithm. Dendrograms were constructed using the Unweighted Pair Group Method with Arithmetic Mean using the GelCompare II software (Applied Maths, Kortrijk, Belgium).
Reamplification and Sequencing of ssDNA Bands from SSCP Fingerprints
Sequence information was obtained following the protocol of Eichler et al. [14] . Briefly, ssDNA bands were excised from the SSCP acrylamide gels, and boiled in Tris buffer (10 mM Tris-HCl, 5 mM MgCl2, 5 mM KCl, 0.1% Triton X-100, pH 9). Seven microliters of the solution was used in a reamplification PCR with the unbiotinylated COM primers described above. After checking the PCR amplicons on a 2% agarose gel, the amplicons were purified and subsequently sequenced by cycle sequencing (ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit; Applied Biosystems, Foster City, CA, USA). Before analysis on an ABI Prism 3100 Genetic Analyzer, the products were purified using the BigDye Terminator purification kit (Qiagen). Phylogenetic identification of the sequences was done either by the NCBI Tool BLAST/blastn [1] for comparison with the closest 16S rRNA gene sequence or the Ribosomal Data Base Project Seqmatch Tool [10] for the identification of the closest described relative (Gene Bank Data base until September 9, 2009). To define a phylotype, we chose two definite sequence differences on a mean stretch of 300-bp sequence length as criterion. The partial 16S rRNA gene sequences retrieved from the fingerprints are accessible at the GenBank/EMBL/ DDBJ accession numbers GQ 917122-GQ 9171174.
Results
Bacterial Cell Counts and Heterotrophic Plate Counts
The results on the bacterial counts are detailed in Fig. 2 . For drinking water samples obtained from the tap at the three sampling dates, the total bacterial cell numbers were in the range of 3 to 4×10 5 cells ml −1 ; in the concentrates (100-to 400-fold) of the drinking water bacteria used for viability staining, the cell numbers ranged from 5.1×10 7 to 1.2×10 8 cells ml −1 . After staining with PI and SYTO9, the fraction of membrane-intact cells determined microscopically accounted for 53±6% of the total bacteria while the membrane-injured fraction accounted for 47±6%. Heterotrophic plate counts (HPC) made from the concentrates were on average substantially less than the total bacterial counts, i.e., four to five orders of magnitude depending on medium and incubation time. HPCs on R2A agar at 22°C and after 72 h exceeded all plate counts on the other media and temperatures, and ranged from 2.0 to 4.1 × 10 3 CFU ml −1 in the concentrate. For the not concentrated tap water, between 3 and 31 CFU ml −1 were detected.
FACS Results of PI/SYTO-Stained Drinking Water Bacteria
After PI/SYTO staining, drinking water bacteria were analyzed based on two scatter parameters (forward and side scatter) and the fluorescence signal. For the analysis, some particles were excluded due to a lower forward scatter signal indicating particles or cell debris with little or no DNA content (Fig. 3a) . After staining, the majority (around 70-80%) of all cells could be sorted into two fractions, i.e., non-membrane-injured SYTO9-positive cells and membrane-injured PI-positive cells (Fig. 3b ). Subsequent purity control as well as a check by epifluorescence microscopy demonstrated the effectiveness of the sorting (Fig. 3c, d ). Flow cytometric analysis of the drinking water bacteria, based on comparison with reference beads of defined sizes, indicated that all fractions of microorganisms (total, SYTO9 positive, PI positive) had a narrow size distribution and a rather small diameter, i.e., on the average 0.69 μm (c v , 1.3%; data not shown). In the three sorting experiments A-C (corresponding to samplings A-C), total cell numbers recovered from FACS ranged around 10 6 cells per fraction (membrane intact, membrane injured) that were subsequently subjected to nucleic acid extraction and fingerprinting.
Structure of the Bacterial Community of Drinking Water Before and After Sorting DNA-and RNA-based 16S rRNA SSCP fingerprints were used to analyze the bacterial community structure and composition of the drinking water before and after the cells were sorted by FACS as membrane-intact and membraneinjured cell fractions, and to assess the effect of the concentration procedure on the bacterial community (Fig. 4) . A general observation was that DNA-and RNAbased fingerprints from the same samples showed always Total bacterial counts were determined by epifluorescence microscopy using Sybr Green I staining of formaldehyde-fixed samples. Heterotrophic plate counts were determined using 1 ml (or appropriate dilutions) concentrated drinking water and the spread plate technique on the media and temperatures indicated. Error bars represent standard deviation of at least three replicates very different banding patterns, a feature that was confirmed (see "Taxonomic Composition of the Different Cell Fractions") by the analysis of the species composition by sequencing of the fingerprint bands. DNA-and RNA-based SSCP fingerprints of the drinking water community with and without concentration procedure (the latter sampled on filter sandwiches) were highly comparable (see Supplementary Material Fig. 1 ). Fingerprints of the unsorted drinking water concentrates generated on the three sampling dates clustered closely together indicating a high similarity for the structure of the drinking water bacterial community on the three sampling dates (Figs. 4, 5 ). As shown in Fig. 5 , the highest similarity was observed among sampling A and B for the DNA-based fingerprints (95%); the similarity among the drinking water concentrates was always higher than 76% irrespective of DNA-or RNA-based analyses or the sampling date (Fig. 5a,b) . DNA-based fingerprints of the membrane-intact and membrane-injured sorted fractions showed a very distinct pattern for each sampling day (Figs. 4a, 5a ). Comparative cluster analysis of the DNA-based fingerprints showed that for each sampling date, the fingerprints from each fraction clustered more closely together than the different sampling dates, indicating that the community structure became more dissimilar among the sampling dates due to the live/dead sorting (Fig. 5a ). Remarkably, after sorting the live and dead fractions of all three samplings were most closely related to each other indicating that the DNA-based fingerprints reflected often the same phylotypes as live and dead. In contrast, the RNA-based fingerprints of the sorted cell fractions showed a similar pattern among the membraneintact fractions irrespective of the sampling date (Figs. 4b, 5b) as indicated by a tight clustering (similarity >70%, Fig. 4b ). The membrane-injured sorted fractions showed a more diverse pattern for the three sampling dates, mainly caused by the large discrepancy for sampling C.
Taxonomic Composition of the Different Cell Fractions
A total of 111 bands from the DNA-and RNA-based SSCP fingerprints were sequenced to determine the taxonomic composition of the different fractions. Using a limit of ≥99% 16S rRNA gene sequence similarity as discrimination criterion, we retrieved 53 unique phylotypes for these bands (Supplementary Material Table 1 ). For identification, 
the obtained sequences were compared to all databank entries in the GenBank. Out of the 53 unique phylotypes, 31 were retrieved from the RNA-based fingerprints, and 24 from the DNA-based fingerprints with only two phylotypes that were retrieved from both RNA and DNA. RNAphylotype 1 and DNA-phylotype 52 were affiliated with the same species but were distinct by 8 nucleotides (nt) and therefore assigned to different phylotypes. Thus, the bacterial community reflected by both fingerprint types differed to a large extent.
Comparing the major taxonomic groups, the analysis of the DNA-based fingerprints (Table 1 , Fig. 6a) showed that the drinking water samples were dominated by members of the Betaproteobacteria (eight phylotypes, with an average abundance of 14.9%), Bacteroidetes (seven phylotypes, 17.8%), and Actinobacteria (two phylotypes, 15.3%). All other classes and phyla, i.e., Alpha-and Gammaproteobacteria, Planctomycetes, and Cyanobacteria, had a low diversity (one to two phylotypes) and a low abundance (0.2-3.3%). The RNA-based Table 2 fingerprints (Fig. 6b ) of the drinking water samples were dominated by members of the Betaproteobacteria (four phylotypes, 20.8%), Cyanobacteria (six phylotypes, 15.6%), Alphaproteobacteria (five phylotypes, 15.5%), Gammaproteobacteria (eight phylotypes, 9.5%), and Bacteroidetes (three phylotypes, 8.3%). The remaining four phyla, i.e., Nitrospira, Firmicutis, Planctomycetes, Chloroflexi, had a low diversity (one to two phylotypes) and a low abundance (0.1-4.6%). While most phyla occurred in both the RNA-and DNA-based analyses, Actinobacteria were never observed in the RNA-based analyses, whereas Chloroflexi (with a high abundance of 16% in the membrane-intact fraction of the RNA-based analyses) were never observed in the DNA-based analyses (Table 1 , Supplementary Material Table 1 ). The single phylotypes of Nitrospira and Firmicutes also occurred only in the RNA-based analyses but had low and variable abundances (below 2.3%). An overview on the phylogenetic diversity is shown by Supplementary Fig. 3a by a tree based on the phylogenetic analysis of the retrieved phylotypes together with the nearest cultured species. Supplementary Fig. 3a shows all occurring phyla and Fig. 3b shows the phylum Proteobacteria in more detail. Details of the phylogenetic analyses are listed in Supplementary Table 1 . Overall, the bacterial drinking water community retrieved from RNA and DNA analyses was mostly composed of bacteria that were not related to any described species. For the DNA-based analyses, 46% of the phylotypes were not related to any described genus, 42% were affiliated with a described genus, and 38% were affiliated with a described species. For RNA-based analyses, 58% of the phylotypes were not related to any described genus, 32% were affiliated with a described genus, and 23% were affiliated with a described species. The phylotypes affiliated with a described genus were mostly members of the Bacteroidetes, Alpha-, Beta-, and Gammaproteobacteria.
From the 24 phylotypes of the DNA analyses, three phylotypes contributed to more than 5% (up to 12%) of the total (unsorted) drinking water community (Supplementary  Material Tables 1 and 2 ). Two of these three dominating phylotypes were related to uncultured Actinobacteria (phylotype 48, 49). The bacterium with the highest abundance of 12.4% showed 98% similarity to the freshwater bacterium Sediminibacterium salmoneum, a cultured Bacteriodetes (phylotype 35). From the 31 phylotypes of the RNA analyses, five phylotypes contributed to more than 5% (up to 18%) of the total (unsorted) Fig. 4b drinking water community. These five dominating phylotypes were composed of one cyanobaterium (phylotype 46; affiliated with the genus Synechococcus), one gammaproteobacterium related only to uncultured bacteria (phylotype 19), one betaproteobacterium related to the species Acidovorax facilis (phylotype 1), one alphaproteobacterium related to the species Bosea vestrii (phylotype 14), and one member of the Bacteroidetes (phylotype 23) not related to any described genus. All 24 DNA-based phylotypes were recovered after cell sorting in the membrane-intact and/or membrane-injured fractions indicating a recovery of 100% of the phylotypes in the sorted fractions. 38% of the DNA phylotypes occurred only in the membrane-intact fraction, 21% occurred only in the membrane-injured fraction, and 42% occurred in both fractions. Phylotypes of the major taxa Betaproteobacteria and Bacteroidetes contributed to all three fractions, i.e., membrane intact, membrane injured, and total. The two phylotypes of the Actinobacteria were always retrieved from the membrane-intact and membraneinjured fractions. Based on the RNA analyses, 28 of the 31 phylotypes (90%) were retrieved after sorting in the membrane-intact and/or membrane-injured fraction. From the retrieved 28 phylotypes, 32% of the RNA phylotypes occurred only in the membrane-intact fraction, 21% occurred only in the membrane-injured fraction, 46% occurred in both fractions. Phylotypes of the classes Gammaproteobacteria, Cyanobacteria and the phylum Bacteroidetes contributed to all three fractions, i.e., membrane intact, membrane injured, and total. All phylotypes of the Alphaproteobacteria were always retrieved from membrane-intact and membrane-injured fractions. Thus, the phylotypes obtained from RNA-and DNA-based analyses showed a similar ratio with respect to retrieval of their cells from the membrane-intact and -injured fractions: 32-38% had cells only in the membrane-intact fractions, 21% only in the membrane-injured fractions, and 42-46% in both fractions. The abundances of the phylotypes are derived from the SSCP analyses of DNA and RNA extracts as shown in Fig. 4 (for details on the abundances of the single phylotypes see Supplementary Table 2 ). The mean of the three samplings A, B and C plus the standard deviation SD is given for the tap water sample before sorting ("All (unsorted)"), the "live" sorted fraction (cells with intact membranes), and the "dead" sorted fraction (cells with injured membranes)
PT phylotype, n number of phylotypes per phyla/class, n.d. not detected After FACS sorting, major changes of the abundances of the phylotypes occurred that were far more pronounced for the DNA-based analyses than for the RNA-based analyses. Supplementary Table 1 and Supplementary Fig. 2 are providing the details on the changes of abundances with respect to the phylotypes before and after sorting, while Table 1 provides an overview on the phyla/class level. These changes of abundances through sorting were most pronounced in the membrane-intact sorted fraction for the Chloroflexi (phylotype (PT) 24) in the RNA-based analyses and the Planctomyces (PT 62) in the DNA-based analyses. Overall, we observed only few phylotypes with a high abundance in the sorted cell fractions of the DNA-based electropherograms (Supplementary Material Fig. 2a ) while in the RNA-based electropherograms (Supplementary Material  Fig. 2b ) phylotypes with a high abundance were present in the non-sorted as well as in the sorted fractions.
For an estimate of the origin of the phylotypes, the habitat of the most similar bacterial sequence from the public data bases is given in Supplementary Table 1. Provided that the most similar sequence (1) had a similarity of higher or equal to 91% 16S rRNA gene similarity and (2) was of aquatic origin, the phylotype was rated as "of aquatic origin". Below 91% 16S rRNA gene sequence similarity the relatedness was regarded as too low to give information on the potential habitat of the phylotype. Based on these criteria, 76% of the DNA-and RNA-based phylotypes were considered as of aquatic origin which most of them from freshwater habitats. Six out of the RNA phylotypes and three out of the DNA phylotypes were not used for this assignment due to too low 16S rRNA gene sequence similarity (all these sequences had a similarity below 88% to the next sequence in the public data bases).
Discussion
Community Structure and Composition of Drinking Water Bacteria Using DNA-and RNA-Based Fingerprints DNA-and RNA-based molecular analyses provided a very different picture of the drinking water microflora. This comprised the overall fingerprint patterns, their changes due to sorting and the retrieved phylotypes. However, the performed analyses do not precisely reflect the quantitative composition of the bacterial community. Since the amplification of 16S rRNA genes is based on PCR, a PCR bias has to be taken into account [16, 38] . According to our experience with aquatic community analysis by SSCP, the technique provides highly reproducible fingerprints of the community with high reproducibility in terms of the relative abundances of the single bands compared to the total community. Compared to real-time PCR detection of single phylotypes, low abundant phylotypes seem to be overestimated, while highly abundant phylotypes seem to be underestimated [8] . Thus, the fingerprint gives a biased but reproducible semi-quantitative picture of the bacterial community allowing comparison of different bacterial communities and observation of the dynamics of single community members.
The fingerprint analysis of the drinking water samples showed a highly consistent pattern among the three different sampling dates for both the RNA-and DNAbased analyses. A rather stable bacterial community of the investigated drinking water over time had already been shown by the seasonal study of Henne et al. [19] using DNA-based fingerprints. Though seasonal variation occurred for some members of the bacterial community, the overall community structure was rather stable during the year. The SSCP fingerprint patterns were completely different with respect to analysis of RNA and DNA of the same samples. This different pattern was confirmed by sequencing and phylogenetic analysis of the fingerprint bands. From the 24 phylotypes retrieved from the DNAbased analysis, and 31 phylotypes retrieved from the RNAbased analysis only two phylotypes (PT 4, 46) were identical, and two were affiliated with the same species (PT 1, 52). Though the same phyla with a few exceptions were detected in RNA-and DNA-based analysis, from the genus level upwards there was a pronounced divergence at the species level. This strong discrepancy between RNA and DNA-based analysis concerning the fingerprint pattern and the members of the bacterial community had already been observed by Eichler et al. [14] .
Our drinking water community was dominated by phyla and classes typical for freshwater environments, i.e., Bacteroidetes, Cyanobacteria, Betaproteobacteria, and Gammaproteobacteria. This was also the case when looking at the higher level of phylogenetic resolution, i.e., the phylotypes that were resolved approximately at the species level. The majority of the phylotypes (76%) were most closely related to sequences retrieved from aquatic habitats. This is consistent with findings of the study of the whole drinking water supply system by Eichler et al. [14] . The phylotypes identified based on the DNA-based analyses seemed to have a higher stability in the drinking water than the RNA phylotypes. 55% of the DNA Figure 6 Comparison of relative abundances of the phylotypes found in the "live/dead" fractions and the drinking water concentrate (DW) for the FACS sorting experiments of the samplings A-C. a Phylotypes from the DNA-based SSCP fingerprints. b Phylotypes from the RNAbased SSCP fingerprints. Numbers represent the single phylotypes given in Supplementary Material Table 1a and 1b, respectively. The colors are corresponding to the major phylogenetic groups of the phylotypes, yellow-Alphaproteobacteria; blue-Betaproteobacteria; red-Gammaproteobacteria; green-Cyanobacteria; violetBacteriodetes; brown-Planctomycetes; orange-Actinobacteria; Grey-Chloroflexi. Hatched bars represent unidentified bands phylotypes identified in this study were also detected in the study of Eichler et al. [14] in the same drinking water supply system 5 years ago. This was different for the RNAbased phylotypes that had only a reoccurrence of 11%.
Assessment of Live and Dead Bacterial Cells
Using PI/SYTO9 Staining In our study, about half (53%) of the bacterial cells in the drinking water samples showed an intact membrane. This is in line with studies by Berney et al. [5] that reported a fraction of membrane-intact cells of about 66% in tap water that was free of chlorine as it was the case in our study. For chlorine containing tap water, Hoefel et al. [20] reported 12% membrane-intact cells for finished drinking water of an Australian water distribution system with a higher chlorination during treatment and transport, and a free chlorine residual level of 0.4 mg l −1 at the tap.
The propidium iodide staining is considered to provide a good estimate for membrane injury of Bacteria and Archaea [27] . In a set of studies, this staining procedure has been evaluated and compared with other staining procedures for assessment of the physiological state of the bacteria [15, 22] . Besides the evaluation of methodological aspects, recent studies were done for drinking water with added bacteria and the indigenous microflora. Berney et al. [3] tested PI for E. coli in drinking water submitted to UV and sunlight irradiation using a set of different viability stains. The study showed that loss of membrane integrity as indicated by PI staining was the final signal after decrease of all other tested physiological functions. In a second study, Berney at al. [5] used PI staining for analyzing the microflora of a set of drinking water samples. The viability of the drinking water bacteria was higher for bottled water (about 90%) and drinking fountain water (about 85%) than for drinking water at the tap (about 66%). The high percentage of viable cells coincided with a high ATP content. The comparison of PI staining with other methods demonstrated PI staining was a valuable criterion for livedead distinction for drinking water bacteria.
Autofluorescence is a feature that has to be taken into account as a potentially misleading signal for the analysis of aquatic bacterial communities by PI/SYTO9 staining [39] . According to our taxonomic analyses, two phylotypes were affiliated with the phylum Chloroflexi whose members are known to contain bacteriochlorophyll c and a in the chlorosomes and the cytoplasmic membrane resulting in green autofluorescence [28] . The Chloroflexi were detected in the membrane-intact and membrane-injured sorted fractions, but with a far higher detection in the membraneintact fractions (up to 23% for PT 24 in the RNA-based analyses). In the latter case a wrong "live" sorting due to the autofluorescence cannot be ruled out. On the other hand, a false "dead" sorting could have been caused by phylotypes affiliated with the genus Synechococcus due to the presence of red fluorescent phycoerythrin [37] . Phylotype 46 that was common in the RNA-and DNA-based analyses and closely related to Synechococcus rubescens had a high abundance in the "dead" sorting of 10% for the DNA and of 15% for the RNA-based analysis, respectively. Though autofluorescence may be misleading for the livedead sorting of some bacteria with photosynthetic pigments, we do not consider this as a critical issue for the live/dead staining procedure as a distinction for drinking water bacteria. Autofluorescent bacteria are commonly not considered as pathogenic and therefore, autofluorescence does not seem a critical issue for our staining procedure in respect to human health.
Live and Dead Assessment of Different Phyla and Phylotypes
All DNA-based phylotypes and 90% of the RNA-based phylotypes were retrieved after sorting in the membraneintact and/or membrane-injured fraction. The three missing RNA phylotypes might have been missed due to their low abundance in the tap water. This close to complete recovery of the phylotypes after sorting allows a comparison of the sorting results between the DNA-and RNA-based analyses. Though the sequencing success was 77% for the RNAbased analyses and only 57% for the DNA-based analyses, the comparison can be done on the level of the retrieved phylotypes that indeed had a relatively high abundance compared to the not-retrieved phylotypes.
A comparison shows that the phylotypes of the DNAbased analyses had the same size of the "dead fraction" as those reflected by the RNA-based analyses, i.e., 21%. Also, the DNA and RNA phylotypes had a comparable percentage of only "live" sorted (DNA, 38%; RNA, 32%) and of "mixed" sorted phylotypes (DNA, 42%; RNA, 46%). Phylotype 4 concomitantly retrieved from DNA and RNA analyses was recovered from membrane-intact and membrane-injured fractions in the DNA-and RNA-based analysis, i.e., for the only common phylotype comparable sorting results were obtained for the DNA and RNA-based analysis. The second common phylotype (PT 46) cannot be compared due to the potential interference with the pigments (see above). Based on our observation, we can say that the fraction of phylotypes with only membrane-injured cells is not higher for the bacteria reflected by the DNA analyses than those of the RNA analyses. This is an essential finding because it was often assumed that those reflected by the RNA are alive, and those reflected by the DNA are dead [14] . Based on this observation, we assume that the reason for the detection of a phylotype in the DNAor RNA-based analyses might be the phylotype-specific regulation of the DNA and the RNA pool and was obviously not related to the viability of the respective phylotypes. This is consistent with analyses of [25] showing a broad range of numbers of rRNA operons (1-13) specific for each bacterial strain. On the other hand, we observed that all fingerprints of the membrane-intact fractions showed rather similar RNA-based fingerprints reflecting actively growing members of the community. This tight clustering of the RNA-based fingerprints from live bacteria could indicate that always the same actively growing members of the drinking water community re-grew after chlorination had killed most bacteria during water processing. This is no contradiction to the detection of a substantial amount of RNA-based phylotypes in the dead fraction because several of the live RNA phylotypes were different from the dead ones (phylotype 12, 24) or were abundant in different amounts (Fig. 6b, Supplementary  Table 2b ). These dead RNA phylotypes could still be remnants of the highly active phylotypes before chlorination which have not re-grown. Overall, we think that the combination of FACS sorting and fingerprinting is a promising way to obtain "functional fingerprints"-with the live RNA phylotypes representing the most actively growing members of the microbial community [12, 30] .
Taxonomic Composition of the Bacterial Community of Drinking Water and Human Health
The bacterial community was composed of seven phyla (see Supplementary Material Tables 1 and 2 ). The phyla as well as the phylotypes are primarily those typically present in aquatic ecosystems [14, 40] . However, one phylotype detected in the drinking water had the potential of being an opportunistic pathogen. The alphaproteobacterium PT 14 identified as closely related to B. vestrii in the RNA-based analysis was retrieved from the membrane-intact and membrane-injured sorted fraction, and was present in the drinking water at a high abundance of 13%. This species was occasionally associated with infections of immuocompromised people [26] .
However, the mere detection of a bacterium at a taxonomic resolution close to the species level is not sufficient as an indication of a health risk. Presence, viability, and infectivity of pathogenic bacteria in drinking water are criteria that have to be fulfilled for assessing a threat to human health. Presence of bacteria can be assessed by the applied technology to the detection limit of the method which is about 0.1% of the total microflora. Viability was assessed by the live/dead staining. Infectivity asks first for the precise taxonomic identification of the pathogen and a separate, mostly experimental, assessment of infectivity that has to be achieved in addition to 16S rRNA gene based analyses. Concerning the precise assessment of the taxonomy, the about 400-nt-long sequences obtained from a SSCP gel can resolve, at best, the species level. Though this accuracy might be highly valuable for the study of environmental bacteria, for most pathogenic bacteria, a full (>1,400 nt) 16S rRNA sequence is needed or even a high-resolution genotyping as exemplified for Legionella pneumophila in drinking water [23] or gene seuqences associated with infectivity of the respective species (e.g., the mip gene for L. pneumophila). Thus, the proposed technology can provide a valuable monitoring tool that can show that a potentially harmful species is present-but it remains with the "potential" and the true risk has to be assessed consecutively by additional adequate measurements.
Conclusion
In summary, the approach used in this study is considered a valuable tool for analyses of aquatic bacterial communities. The applied PI/SYTO9 staining procedure indicating membrane injury of the bacterial cells is considered as a reliable criterion for damaged or dead bacterial cells. The combined approach of DNA-and RNA-based fingerprint analyses with live-dead staining and sorting was demonstrated as a straight forward monitoring tool. This tool still can be modified and extended with respect to sensitivity or methodological details. For example, in terms of methodology, PI/SYTO9 stain could be replaced by propidium monoazide application thereby avoiding the step of FACS sorting [32] . On the other hand, the sorted cells can be submitted to further labeling/staining and subsequent analyses. For increased sensitivity with respect to specific groups of pathogenic relevance, the general bacterial primers (COM1, 2) could be replaced by group-specific primer reaching a lower detection limit and a better taxonomic resolution of the targeted group. Thus, the approach can be used for monitoring of bacteria relevant to human health and can be applied as a valuable tool for drinking water monitoring with respect to the overall community or specific target pathogenic bacteria.
From an ecological perspective, the study provided comprehensive insights into the community composition and the viability of drinking water bacteria and shows that a very different spectrum of species was detected by DNAand RNA-based analysis. A major finding in ecological terms is the fact that the viability of the phylotypes was comparable for RNA and DNA extracts. The viability of the phylotypes in addition to the very different spectrum of species detected (included pathogenic ones) demonstrate the value of adding RNA-based analyses to the commonly applied DNA-based analyses for drinking water studies or, in more general terms, for aquatic studies.
